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A B S T R A C T
There is ample evidence that individuals with dyslexia have a phonological deﬁcit. A
growing body of research also suggests that individuals with dyslexia have problems with
categorical perception, as evidenced by weaker discrimination of between-category
differences and better discrimination of within-category differences compared to average
readers. Whether the categorical perception problems of individuals with dyslexia are a
result of their reading problems or a cause has yet to be determined.Whether the observed
perception deﬁcit relates to amore general auditory deﬁcit or is speciﬁc to speech also has
yet to be determined. To shed more light on these issues, the categorical perception
abilities of children at risk for dyslexia and chronological age controls were investigated
before and after the onset of formal reading instruction in a longitudinal study. Both
identiﬁcation and discrimination data were collected using identical paradigms for speech
and non-speech stimuli. Results showed the children at risk for dyslexia to shift from an
allophonic mode of perception in kindergarten to a phonemic mode of perception in ﬁrst
grade, while the control group showed a phonemic mode already in kindergarten. The
children at risk for dyslexia thus showed an allophonic perception deﬁcit in kindergarten,
which was later suppressed by phonemic perception as a result of formal reading
instruction in ﬁrst grade; allophonic perception in kindergarten can thus be treated as a
clinical marker for the possibility of later reading problems.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Learning to read is a complex process which requires children to map graphemes onto their corresponding phonemes to
establish stable phonological representations. This mapping of graphemes onto phonemes develops normally in most
children. However, about 5% of children encounter difﬁculties learning to read despite average or above average intelligence,
adequate and effective classroom instruction and good socio-cultural opportunities (De´monet, Taylor, & Chaix, 2004). The
reading difﬁculties of these children typically persist into adulthood, as characterized by slow and error-prone reading, poor
non-word reading and weak spelling. This impairment is referred to as developmental dyslexia or a speciﬁc reading
disability (De´monet et al., 2004; Snowling, 2000).
Although there is still no consensus on the causes of developmental dyslexia, there is widespread recognition that the
majority of individuals with dyslexia show a phonological deﬁcit (Elbro, Nielsen, & Petersen, 1994; Ramus, 2003; Snowling,* Corresponding author at: Behavioural Science Institute, Radboud University Nijmegen, P.O. Box 9104, 6500 HE Nijmegen, The Netherlands.
E-mail address: m.noordenbos@bsi.ru.nl (M.W. Noordenbos).
0891-4222/$ – see front matter  2012 Elsevier Ltd. All rights reserved.
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abilitieswhich are impaired in individualswith dyslexia (Castles & Coltheart, 2004; Ramus, 2003;Wagner & Torgesen, 1987).
First, their phonological awareness, which refers to conscious access and manipulation of the sound structure of language
(e.g., phoneme deletion, spoonerism) is impaired. Second, the process of lexical retrieval or, in other words, the conversion of
visual symbols into sound-based representations from long-term memory (e.g., rapid automatic naming of familiar stimuli
such as letters or objects) is impaired. And third, verbal short-term memory (vSTM) or the ability to recode and maintain
phonological representations in working memory for a short period of time (e.g., digit span or sentence repetition recall) is
impaired.
There are two dominant theories to explain the observed phonological deﬁcit in relation to the reading problems of
individuals with dyslexia. The ﬁrst theory is the phonological theory which postulates that the phonological deﬁcit is
primary and caused by a genetic factor. This theory states that the nature of the phonological deﬁcit lies in poorly speciﬁed
phonological representations (Snowling, 2000).
The second theory is the general magnocellular theory, which postulates a more general deﬁcit in the neural
pathways involved in the fast transmission and processing of sensory information (Stein, 2001; Stein & Walsh, 1997).
According to this theory, the phonological deﬁcit observed in individuals with dyslexia is secondary to a more basic
auditory impairment of the processing of short, rapidly presented, dynamic, changing acoustic stimuli; this general
impairment leads to poorly speciﬁed phonological representations (Ramus, 2004; Tallal, 1980). Deﬁcits in the detection
of acoustic speech cues may thus impair the establishment of stable phonological representations (McBride-Chang,
1995; Studdert-Kennedy, 2002). However, the exact nature of these auditory problems is still debated. There is evidence
showing the problems to be speciﬁc to speech (e.g., Mody, Studdert-Kennedy, & Brady, 1997; Serniclaes, Sprenger-
Charolles, Carre, & De´monet, 2001; White et al., 2006). Other evidence suggests a more general auditory deﬁcit, however
(e.g., Tallal, 1980; Vandermosten et al., 2010).
Althoughmost studies ﬁnd a phonological deﬁcit in individuals with dyslexia, auditory processing is not always impaired
in such individuals (Ramus et al., 2003; Rosen, 2003). Auditory deﬁcits are therefore not considered amajor cause of dyslexia.
However, some studies have shown a subgroup of individuals with dyslexia to have speech perception deﬁcits (Adlard &
Hazan, 1998; Joanisse, Manis, Keating, & Seidenberg, 2000; Lieberman, Meskill, Chatillon, & Schupack, 1985; Manis et al.,
1997; Ramus et al., 2003). For example, Adlard and Hazan (1998) found speech perception deﬁcits in 30% of the individuals
with dyslexia in their study. Other studies have suggested that only those individuals with dyslexia and low phonemic
awareness or additional language impairmentswill show speech perception deﬁcits (Joanisse et al., 2000;Manis et al., 1997).
Another explanation for the poorly speciﬁed phonological representations in dyslexia is provided by Serniclaes (2011)
and Serniclaes, Van Heghe, Mousty, Carre, and Sprenger-Charolles (2004), namely that children with dyslexia have an
allophonic as opposed to ‘phonemic’ mode of speech perception. In other words, individuals with dyslexia maymaintain the
sensitivity to phonemic distinctions which all newborns have, irrelevant of their native language. Newborns have the ability
to discriminate almost all of the phonemic contrasts in the world’s languages, but this ability is quickly reorganized as the
relevance of certain contrasts and irrelevance of other contrasts in the language being acquired becomes apparent (Kuhl,
2004;Werker & Tees, 1984). According to the allophonic explanation of dyslexia, children with dyslexiamaintain the inborn
ability with a lack of the development of one-to-one relationships between allophones and letters as a result and thus as the
origin of their reading problems (i.e., failure to master the alphabetic principle).
Speech perception abilities are often investigated with paradigms based on categorical perception (CP), which has two
main characteristics. First, identiﬁcation functions exhibit an abrupt change from one phonemic category to another at a
certain point (i.e., categorical boundary) along a continuous acoustic feature. Second, discrimination of acoustic differences
that straddle the categorical boundary tends to be easier than discrimination of equal acoustic magnitude within
categories. According to the original conceptualization of CP, listeners perceive only differences between categories and
not, thus, within categories (Liberman, Cooper, Shankweiler, & Studdert-Kennedy, 1967; Liberman, Harris, Hoffman, &
Grifﬁth, 1957). This strong conceptualization of CP has not stood the test of time, however, as it has become clear that
listeners can — on certain tasks — discriminate between stimuli coming from the same category (Schouten, Gerrits, & Van
Hessen, 2003); it has also become clear that listeners sometimes use within-category differences for spoken word
recognition (McMurray, Aslin, Tanenhaus, Spivey, & Subik, 2008). Nevertheless, the discrimination of differences between
categories tends to be easier than the discrimination of differences within categories. Given that CP is a matter of
relationship between the observed discrimination scores and the scores predicted on the basis of identiﬁcation, the smaller
the difference between the observed and predicted scores the greater the CP (Harnad, 1987; Liberman et al., 1957). Speech
cues that have received a great amount of attention in speech perception research are voice-onset-time (VOT; e.g.,
distinguishing [p] from [b]) and place-of-articulation (e.g., distinguishing [b] from [d]). VOT refers to the temporal
relationship between the onset of laryngeal vibrations (i.e., voice) and the release of the vocal tract closure. In the voicing
domain, three possible categories across languages have been described, a negative VOT category (i.e., onset of voice before
the vocal tract closure release), and two positive VOT categories (onset of voice after the vocal tract closure release), one
with short positive VOTs and the other with long positive VOTs (Lisker & Abramson, 1964). The other speech cue, place-of-
articulation, refers to the locationwhere the airstream is obstructed in the vocal tract when a speech sounds is produced. In
the case of stop consonants, the place-of-articulation is deﬁned by fast articulatory movements or fast formant transition.
The transition of the second and third formants are especially important for the distinction in place-of-articulation of
consonants (Mitterer & Cutler, 2006).
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boundaries and better discrimination within phoneme boundaries than children without dyslexia (Godfrey, Syrdal-Lasky,
Millay, & Knox, 1981; Manis et al., 1997; Serniclaes et al., 2001; Werker & Tees, 1987). Unfortunately, the evidence is not as
straightforward as it appears because the place-of-articulation continua used in these studies and the positive VOT
continuum used in the Manis et al. study do not contain well-speciﬁed allophonic boundaries. Therefore, in our research, a
place-of-articulation continuum with well-speciﬁed allophonic boundaries is used to investigate the allophonic mode of
speech perception in children at risk for dyslexia with a Dutch linguistic background.
In addition to the observed deﬁcit in the CP of individuals with dyslexia, various studies have found the slope for the
identiﬁcation functions to be less steep for individuals with dyslexia than for controls (e.g., Chiappe, Chiappe, & Siegel, 2001;
Maassen, Groenen, Crul, Assman-Hulsmans, & Gabree¨ls, 2001; Manis et al., 1997; Vandermosten et al., 2010). A shallower
slope for the identiﬁcation function indicates less categorical precision (i.e., sharpness of the category boundary), different
from the one in categorical perception, which is a matter of relationship between discrimination and identiﬁcation
irrespective of boundary precision (for further speciﬁcation see Medina, Hoonhorst, Bogliotti, & Serniclaes, 2010). The
distinction between categorical precision and CP is important because CP does not change after about the age of two years
while categorical precision develops from early infancy through adolescence (Hazan & Barrett, 2000; Hoonhorst et al., 2010;
Medina et al., 2010).
Straightforward support for the allophonic explanation of dyslexia comes from the study of voicing perception. For stimuli
varying along a VOT continuum, French children with dyslexia showed a reduced discrimination peak at the phonemic
boundary and an unexpected discrimination peak at an allophonic boundary around 30ms VOT (Bogliotti, Serniclaes,
Messaoud-Galusi, & Sprenger-Charolles, 2008; Serniclaes et al., 2004). Sensitivity to allophonic VOT boundaries located at
some30 and +30ms VOT has also been found in experimentswith infants irrespective of their linguistic backgrounds: from
a Spanish background (Lasky, Syrdal-Lasky, & Klein, 1975); from an English background (Aslin, Pisoni, Hennessy, & Perey,
1981); and from a French background (Hoonhorst et al., 2009). While these 30ms VOT boundaries are used to separate
phonemes in languages with three voicing categories (e.g., Thai: Lisker & Abramson, 1970), they are not relevant for languages
such as Spanish, English or French. In the study by Bogliotti et al., moreover, sensitivity to the 30ms VOT boundary was quite
reliably associated with dyslexia (i.e., produced 80% correct classiﬁcation). However, sensitivity to the +30ms VOT boundary was
difﬁcult to assess in this particular study because it is so close to the French VOT boundary of +15ms. The design of the stimulus
continuum is thus of critical importance for the demonstration of allophonic perception.
There is also some counter-evidence for the assumption of an allophonic mode of speech perception as characteristic of
dyslexia. In a study with adults, Van Beinum, Schwippert, Been, Van Leeuwen, and Kuijpers (2005) found no evidence for
heightened sensitivity to acoustic differences within the same phonemic category among those with dyslexia and therefore
suggested that allophonic perceptionmay only be present in children. In another study of the perception of long versus short
positive VOT, which is phonemic in Korean but allophonic in French, no over discrimination of the contrast by the French
children with dyslexia was found (Ramus & Szenkovits, 2008).
However, recent neuroimaging data suggest that when individuals with dyslexia do not show heightened sensitivity to
acoustic differences within the same phonemic category behaviourally, it might still be present in the form of neural
activation. In a PET study of French adults with dyslexia using a ba/da continuum, for example, no behavioural differences
were detected while reduced neural activation across the phoneme boundary for those with dyslexia as opposed to no
dyslexia was found (Dufor, Serniclaes, Sprenger-Charolles, & De´monet, 2009). This study also showed discrimination of
between-category pairs to be related to enhanced activation in the left inferior premotor cortex in non-dyslexic adults while
discrimination ofwithin-category pairs was related to the same form of activation in dyslexic adults (Dufor et al., 2009). This
suggests that activation in this region, which is close to Broca’s area, relates to phonemic perception in average readers and
allophonic perception in dyslexic readers.
In sum, there is a growing evidence that individuals with dyslexia may have an allophonic mode of speech perception.
Andwhile a growing body of evidence concerns the identiﬁcation of an allophonicmode of perception among children at risk
for dyslexia, little is known about the speech perception abilities of pre-reading (i.e., kindergarten) children at risk for
dyslexia. A heightened allophonic sensitivity in individuals diagnosed with dyslexia does not — in and of itself —
demonstrate a possible causal relationship between speech perception problems and dyslexia (Bogliotti et al., 2008; Dufor
et al., 2009; Serniclaes et al., 2004). The presence of an allophonic mode of speech perception in pre-reading children at risk
for dyslexia, would suggest that the allophonic mode of speech perception may be a cause and not an effect of later reading
problems. Furthermore, the impact of formal reading instruction on the persistence of such speech perception problems is
also not clear.
In the present study, we therefore investigated auditory perception problems in Dutch children at risk for dyslexia before
and after the receipt of formal reading instruction. In a longitudinal study, we examined the speech perception of children in
kindergarten (i.e., just before the initiation of formal reading instruction) to see if children at risk for dyslexia indeed show
auditory perception problems including an allophonic mode of speech perception. One year later, the same children were
again examined to gain insight into the effects of formal reading instruction on the persistence or nonpersistance of any
speech perceptions problems. The same paradigms were used in speech and non-speech tasks with stimuli which were
comparable with regard to acoustic complexity. Given that CP depends on the relationship between discrimination and
identiﬁcation, we collected both discrimination and identiﬁcation data and assumed that the smaller the difference between
the observed discrimination score and the score predicted on the basis of identiﬁcation, the greater the CP (Harnad, 1987;
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Discrimination tasks can be assumed to place greater demands on working memory than identiﬁcation tasks because of the
more ﬁne-grained discriminations required, and it is suggested that discrimination tasks are thusmore sensitive to potential
differences between groups than identiﬁcation tasks (Manis et al., 1997).
The speciﬁc research questions were as follows:1. D1
thuo kindergarten children at risk for dyslexia show an auditory deﬁcit and, if so, is the deﬁcit speciﬁc to speech or more
general?2. Do kindergarten children at risk for dyslexia show an allophonic or phonemicmode of perception for place-of-articulation
information?3. Does the onset of formal reading instruction inﬂuence the mode of speech perception in control versus children at risk for
dyslexia?
In order to answer the ﬁrst question, we compared the identiﬁcation and discrimination of speech and non-speech
stimuli. If the at-risk children show a general auditory deﬁcit, then the perception of both types of stimuli should be
impaired. Conversely, if the at-risk children show a speech-speciﬁc auditory deﬁcit, then the perception of the non-
speech stimuli should not differ for the control versus at-risk children. In order to answer the second question, we used a
place-of-articulation continuum with clear allophonic boundaries, which is in contrast to previous studies. We expected
the children at risk for dyslexia to show an allophonic mode of speech perception and thus be more sensitive
to differences within a phoneme category than the control children. In order to answer the third question, we compared
the children’s later speech perception. If the children indeed show an allophonic mode of speech perception in
kindergarten, then the start of formal reading instruction in ﬁrst grade is not expected to inﬂuence their speech




Eighty-three children attending kindergarten in the Netherlands1 participated in this study. The children were divided
into two groups: children with dyslexic relatives or the at-risk group and children without dyslexic relatives or the control
group. The control children were recruited from the same schools as the at-risk children in order to control for the
educational environment. At the time of inclusion, all of the children were in the year before formal reading instruction is
initiated. The children were all born in the Netherlands and native Dutch speakers. The at-risk children were selected for
inclusion in this study based on the presence of at least one ﬁrst degree relative diagnosed with dyslexia (cf. Kuijpers et al.,
2003). Since dyslexia runs strongly in families, children with a ﬁrst degree relative with dyslexia have a high risk of
developing reading problems. About 40–60% of the offspring of parents with dyslexia is expected to develop reading
problems (Grigorenko, 2001).
The initial at-risk group consisted of 41 children between 64 and 81months (19 girls and 22 boys,Mage = 71.6 months).
All children in the at-risk group had a parent with diagnosed dyslexia or reading problems. As an extra control for the
reading problems of the parents, theywere asked to perform three standardized reading tasks: (1) the one-minute-reading
test which requires respondents to read as manywords as quickly and accurately as possible within 1min (Brus & Voeten,
1999); (2) a non-word reading test which requires respondents to read as many non-words as quickly and accurately as
possible within 2min (Van den Bos, Lutje Spelberg, Scheepstra, & De Vries, 1994); and (3) the subtest for Verbal
Competence from the Dutch version of theWechsler Adult Intelligence Scale (WAIS, Uterwijk, 2000). If parents performed
toohigh on these tasks, the childwas excluded fromour study. The parents thus had tomeet one of the following criteria for
their child to be included in our study (Kuijpers et al., 2003): (i) score on the one-minute-reading test in the lowest 10% (i.e.,
raw score70); (ii) score on the non-word reading test in the lowest 10% (i.e., raw score55); (iii) both scores on the one-
minute-reading and the non-word reading tests in the lowest 25% (i.e., raw score one-minute-reading 80 and raw score
non-word reading 74); or (iv) difference in percentiles between Verbal Competence and one-minute-reading or non-
word tests above 60%.
These criteria were applied successively, in the sense that criteria iii and iv were only considered when criteria i and ii
were not met. The parents of six children in the initial at-risk group did not fulﬁl the above criteria and their children were
thus excluded. An additional four children (two at-risk and two control) were referred to special education schools during
the study and therefore excluded from further analysis. The remaining at-risk group of kindergarten children consisted of 33
children between 64 and 80months of age (17 girls and 16 boys,Mage = 71.0months). The initial control groupwith no family
history of reading problems consisted of 40 children between 60 and 81 months of age (21 girls and 19 boys, Mage = 71.4
months). Both groups were comparable in age and nonverbal intelligence as shown in Table 1.Note that Dutch children go to school from an age of four. Reading instructions starts around the age of six. In line with international conventions, we
s adopted kindergarten (i.e., the second year of Dutch school) and ﬁrst grade (i.e., the third year of Dutch school) as our measurement times.
Table 1
Means and group differences according to age, nonverbal memory, vSTM, RAN, PA and reading skills for children at risk for dyslexia versus control children.
Kindergarten First grade
Control (n = 40) At-risk (n = 33) Control (n = 38) At-risk (n = 32)
M (SD) M (SD) d M (SD) M (SD) d
Age (months) 71.38 (4.19) 71.00 (3.61) 0.10 83.61 (4.11) 83.09 (3.63) 0.13
Raven 6.67 (2.06) 6.53 (1.97) 0.07
vSTM 15.23 (4.93) 13.81 (3.92) 0.32 16.76 (4.61) 13.59 (5.25)** 0.64
RAN 20.54 (4.45) 17.79 (4.59)* 0.61 45.47 (7.82) 40.59 (8.72)* 0.59
PA 42.10 (8.08) 35.69 (9.41)** 0.73 39.58 (3.53) 37.75 (3.37)* 0.53
Word reading 69.32 (35.03) 37.22 (14.11)*** 1.20
Non-word reading 10.34 (2.30) 7.84 (1.76)*** 1.22




M.W. Noordenbos et al. / Research in Developmental Disabilities 33 (2012) 1469–1483 14732.2. Measurements
2.2.1. Kindergarten nonverbal intelligence
Nonverbal intelligence was assessed using the Raven Coloured Progressive Matrices (Raven, 1965). This task consists of
36 visual patterns of increasing difﬁculty. In each trial, a visual pattern is presented with a missing piece of the pattern. The
task of the child is then to select the missing piece from six alternatives. Raw scores were converted into standard scores,
ranging from .5 to 9.5 (M = 5; SD = 2), using Dutch norms (Van Bon, 1986).
2.2.2. Kindergarten lexical retrieval
Naming speedwas assessed using Rapid Automatic Naming tasks (RAN: Van den Bos & Lutje Spelberg, 2007; Van den Bos,
Zijlstra, & Spelberg, 2002) for two cards containing different types of stimuli each: objects and colours. The card with objects
consists of pictures of ﬁve familiar objects: boom (‘tree’), eend (‘duck’), stoel (‘chair’), schaar (‘scissors’) and ﬁets (‘bicycle’).
The cardwith colours consists of small rectangles of black, blue, red, yellow and green. The objects or colours are represented
on a card consisting of 50 items listed randomly in ﬁve columns. The child must name the stimuli as fast and accurately as
possible. The time to complete the 50 items of each type ismeasured and converted into standard scores. Performance on the
two tasks correlated highly (r(72) = .62, p< .001). The scores on the two tasks were therefore summed to produce a raw RAN
score which fulﬁlled the assumption of normality.
2.2.3. Kindergarten vSTM
The Woorden en zinnen nazeggen [Repeating Words and Sentences] subtest from the ESM-toets ([Test for children with
Speciﬁc Language Impairment], Verhoeven, 2004) was used to assess vSTM. The task consists of two parts. In the ﬁrst part,
the child is instructed to repeat an increasing number of CVC words which can range from two words at the beginning to a
maximumof sevenwords at the end. Each correctly repeated group of words scores as one point. Thewords are presented by
the instructor at normal articulation speed. In the second part, the child is instructed to repeat sentences of an increasing
length, ranging from seven words at the beginning to 17 words at the end. Once again, the sentences are presented by the
instructor. Each correctly repeated sentence counts as two points. If only one error is made during the repetition of the
sentence, one point is assigned. Both tasks are terminated when the child makes four successive errors. Themaximum score
for this subtest was 36 (12 for words and 24 for sentences). The Cronbach’s alpha reliability coefﬁcient for the subtest, as
listed in the manual, was .88, which indicates good reliability.
2.2.4. Kindergarten phonological awareness
Phonological awareness (PA) was assessed with the Screeninginstrument Beginnende Geletterdheid ([Screening Instrument
for Emerging Literacy], Vloedgraven, Keuning, & Verhoeven, 2009; Vloedgraven & Verhoeven, 2007); using three
phonological tasks (phoneme identiﬁcation, phoneme segmentation and phoneme deletion); and using a letter knowledge
task. Each of the phonological tasks starts with the presentation of three response alternatives both visually and auditory,
followed by the auditory presentation of the target word. For phoneme identiﬁcation, the target word is pronounced along
with the ﬁrst phoneme of the target word. The child must select that picture which starts with the same phoneme as the
target word. For phoneme segmentation, the individual phonemes of the target word are pronounced. The child must select
that picture which corresponds to the target word. For phoneme deletion, the target word is pronounced along with a
phoneme to be deleted. The child must select the picture of the word which remains after deletion of the pronounced
phoneme. All of the phonological tasks consist of high-frequency monosyllabic words selected from the Dutch word
frequency list (Schaerlaekens & Kohnstamm, 1999). Each task is composed of 2 practice items and 10 test items. Finally, in
the receptive letter knowledge task, four lower case letters are visually presented on a computer screen during each trial. One
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except for the four infrequently occurring letters of ‘c’, ‘x’, ‘q’ and ‘y’. These letters have been replaced by digraphs (e.g., ‘aa’,
‘oo’, etc.). The receptive letter knowledge task is composed of 5 practice items and 34 test items. Feedback is only given on the
practice trials. The number of correct items for the four tasks were summed to produce a raw PA score, which fulﬁlled the
assumption of normality.
2.2.5. First grade lexical retrieval
Naming speed was again assessed in ﬁrst grade using the two RAN tasks (Van den Bos et al., 2002; Van den Bos & Lutje
Spelberg, 2007). In addition to the two cards with objects and colours used in kindergarten, cards with numbers and letters
were also now used. For the numbers, the card consists of the numbers 2, 4, 5, 8 and 9 listed in ﬁve columns with ten items
each for a total of 50 items. The card with letters consists of the lower case letters ‘d’, ‘o’, ‘a’, ‘s’ and ‘p’. The child must name
the items on the cards as quickly and accurately as possible. The time to name the 50 items for each type of stimulus is
measured and converted into standard scores. The scores on the four tasks were summed to produce a raw score and this
fulﬁlled the assumption of normality.
2.2.6. First grade vSTM
Same task as in kindergarten (see Section 2.2.3).
2.2.7. First grade phonological awareness
PA was assessed in ﬁrst grade using the same tasks as in kindergarten. However, the number of items used in each
phonological task was increased with 5 difﬁcult items in an attempt to prevent ceiling effects (Vloedgraven & Verhoeven,
2007). The mean score for the ﬁrst graders on the letter knowledge task was found to be at ceiling level, which shows this
skill to have been mastered by the majority of these children. We therefore included only the scores for phoneme
identiﬁcation, phoneme segmentation and phoneme deletion in the PA measure. The composite PA score fulﬁlled the
assumption of normality.
2.2.8. First grade word reading
The reading level of the ﬁrst graders was assessed using a standardized Dutch reading test, the Drie-Minuten-Toets (DMT,
[Three-Minutes-Test], Verhoeven, 1995). The DMT consists of three cards containing 150 words on cards 1 and 2 each and
120words on card 3. Thewords presented on the cards differ in their complexity. The children are instructed to read asmany
words as possible in 1min out loud for each of the cards. The test score is the total number of correctly produced words. For
the present study, only the ﬁrst card (DMT1: CVs, VCs or CVCs) and the second card (DMT2: monosyllabic words containing
consonant clusters) were used to assess the reading levels of the children. The third card contains words with multiple
syllables and was thus considered too difﬁcult for the ﬁrst-grade children who were just starting to receive reading
instruction. The Cronbach’s alpha reliability coefﬁcients for cards 1 and 2 when used for ﬁrst grade, as listed in the manual,
were .88 and .96, respectively. The scores for the two cards were summed to produce a ﬁrst grade word-reading score.
2.2.9. First grade nonword reading
The non-word reading ability of the ﬁrst graders was assessed using the Klepel (Van den Bos et al., 1994). The Klepel is a
standardized Dutch non-word reading test consisting of 116 non-words of increasing difﬁculty. The children are instructed
to read the non-words as quickly as possible withoutmaking errors aloud. The score on this task is the number of non-words
read correctly in 2min. The Cronbach’s alpha reliability coefﬁcient for the non-word task, as listed in the manual, was .93,
suggesting excellent reliability.
2.3. Categorical perception stimuli and tasks
2.3.1. Categorical perception stimuli
An eight-step radial continuum ranging from /b3/ to /d3/ (consonants /b/ and /d/ followed by the neutral vowel /3/; schwa)
varying along the place-of-articulation was used (Fig. 1). This continuum was created with sinewave analogues of speech
sounds and was based on CP studies in French (Serniclaes, 2010). The stimuli were generated using parallel formant
synthesis and the software developed by Carre´ (2004). The endpointswere given appropriate values for the perception of /d3/
at S1 and /b3/ at S8, and successive stimuli were one Bark apart. The difference in place-of-articulation between the stimuli
was created by modifying the onset of the initial frequency of the second and third formants (F2 and F3; Fig. 2). The end
frequencies of the F2 and F3 transitions were ﬁxed at 1500 Hz and 2500 Hz, respectively. The initial frequency of the ﬁrst
formant (F1) was 300Hz, and its end frequency was 500Hz. The VOT was 80ms, the duration of all frequency transitions
was 40ms and the duration of the stable vocalic segment was 80ms, which results in a total duration of 200ms for each
stimulus. In the context of the neutral vowel (schwa), the place boundaries of the continuum used in the present study tend
to correspond to the ﬂat transitions of the F2 (between S2 and S3) and F3 (between S6 and S7) and are related to natural
psychoacoustic discontinuities (Serniclaes &Geng, 2009). These psychoacoustic discontinuities are phonologically irrelevant
in Dutch, a languagewith only two place-of-articulation categories for voiced stops (/b/ and /d/), but phonologically relevant
for a language likeHungarian, a languagewith four place categories (Serniclaes &Geng, 2009). Furthermore, the advantage of
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Fig. 1. Spectrograms for the synthetic speech stimuli (upper panels) and non-speech stimuli (lower panels). For the eight speech stimuli: S1 represents /d3/
and S8 represents /b3/.[(Fig._2)TD$FIG]
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Fig. 2. Onset frequencies for the F2 and F3 from the /b3/-/d3/ place-of-articulation continuum.
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contrasts, is that the location of these contrasts on the continuum are known in advance.
Two different versions of this continuumwere constructed. The versions differed only with respect to synthesis method.
There was a non-speech continuum (pure sinewave synthesis) and a speech continuum (pitch-modulated sinewave
synthesis). The non-speech stimuli are similar to those known as sinewave speech (Remez, Rubin, Berns, Pardo, & Lang,
1994). For the speech continuum, a low frequency amplitudemodulationwas added to the sinewave sounds (as in Serniclaes
et al., 2001). These speech stimuli are similar to traditionally Klatt-synthesized stimuli.
2.3.2. Categorical discrimination task
In the discrimination task, an AXB paradigmwas used. In an AXB design, there is no need for the participants to label the
stimuli or remember associations between stimuli and response buttons. Participants only need to compare the adjacent
stimuli, and it is possible to make a correct response on the basis of hearing just the ﬁrst two stimuli (which will be either
same or different). The third stimulus simply provides conﬁrmatory evidence. Such a paradigm is suitable for children who
tend to have difﬁculties on short-term memory tasks.
During the task, three dinosaurs were shown on the screen (cf. Bishop, Adams, Nation, & Rosen, 2005). Two dinosaurs
were located in the left and right corners at the bottomof the screen (the ‘baby dinosaurs’), and onewas located in themiddle
above the other two (the ‘mother dinosaur’). On each trial three sounds were presented, separated by 400ms. The
corresponding dinosaur jumpedwhen the soundwas presented. The task for the child was to indicate which of the two baby
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child pressed the button, the corresponding baby dinosaur jumped again to conﬁrm the choice. The next trial started
1500ms after the response.
The experiment was self-paced. The task started with a demonstration screen to introduce the child to the task. This was
followed by eight practice trials in which only the endpoints of the continuum were randomly presented. To continue the
experiment, the child had to perform correctly on at least 6 out of 8 practice trials in a maximum of four practice rounds.
Feedback was provided only during the practice trials. The experimental materials were divided into three blocks, and each
blockwas separatedbya shortbreak. Stimuluspairs consistedof twostepdifferences (e.g., S1–S3–S3; S2–S2–S4),witha total of
24 AXB pairs per block. A pilot studywith 14 typically developing kindergarten children showed stimulus pairs with one-step
differences to be too difﬁcult as the children performed at chance in this condition. Stimulus pairswere presented in a pseudo-
random order with the constraint that no more than three identical answers could be expected in consecutive trials.
2.3.3. Categorical identiﬁcation task
The identiﬁcation responseswere collected in a two alternatives forced choice task (2AFC). In this task, two dinosaurs (the
‘babies’) were located in the middle of the screen in the vertical dimension. In the horizontal dimension, one dinosaur was
located on the left side of the screen and another on the right side. On each trial, a sound was presented and the child had to
press the button of the correct dinosaur on a response box. The corresponding dinosaur jumped after a button press. The task
started with a demonstration screen to introduce the child to the task, followed by a training sequence. During the training,
each of the two baby dinosaurs was linked to one of the endpoints of the continuum. Each dinosaur was presented on the
screen while the corresponding endpoint was played ﬁve times. In this way, the children were familiarized with the
endpoints of the continuum and the corresponding dinosaur. After training, the task started with eight practice trials in
which only the endpoints of the continuumwere randomly presented. To continue the experiment, the child had to perform
correctly on at least 6 out of 8 practice trials in a maximum of four practice rounds. Feedback was provided only during the
practice trials. The eight stimuli constituting the continuum were presented ﬁve times in pseudo-random order, with the
constraint that the same stimulus was not presented twice in a row and no more than three identical answers could be
expected in consecutive trials.
2.4. Procedure
All of the children were tested individually in a quiet room at their schools. The phonological awareness and categorical
perception tasks were presented on a laptop (Dell Latitude D830). During the categorical perception tasks, the stimuli were
presented binaurally through Sennheiser HD 555 headphones at a comfortable hearing level of approximately 65 dB. The
presentation and response registration was controlled by E-Prime 1.2 (Schneider, Eschmann, & Zuccolotto, 2002). In
kindergarten, the speech conditionwas preceded by the non-speech condition because previous studies showed that if naı¨ve
listeners are not instructed for listening to sinewave speech, they perceive the sounds as whistles instead of speech
(Dehaene-Lambertz et al., 2005; Dufor et al., 2009; Remez, Rubin, Pisoni, & Carrell, 1981; Serniclaes et al., 2001). They
therefore listened to the sinewave stimuli in the non-speech mode. It is important to note, however, that for this reason, the
non-speech task was only administered in kindergarten. The duration of the categorical perception tasks was approximately
30min: 20min for the discrimination task and 10min for the identiﬁcation task in both the non-speech and speech
conditions. In kindergarten, the non-speech and speech conditions were separated by a few hours because of the relative
short attention spans of children. Procedures were approved by the Central Committee on Research Involving Human
Subjects (CCMO), the Hague, the Netherlands.
2.5. Data analyses
2.5.1. Discrimination scores
For each subject and each stimulus pair (e.g., S1S3), we calculated the mean percentage correct for the four possible
stimulus combinations (e.g., S1S1S3, S1S3S3, S3S1S1 and S3S3S1). Differences in CP were determined by comparing the
observed discrimination scoreswith thosewhich could be expected on the basis of the children’s identiﬁcation scores, which
were calculated using the elementary probability formulas of Pollack and Pisoni (1971). The percentage correct
discrimination scores were arcsine transformed prior to statistical analysis.
2.5.2. Identiﬁcation scores
For each subject, we calculated the percentage correct /b3/ responses for each stimulus and the percentage correct
sinewave /b3/ responses for the non-speech stimuli. The slope of the identiﬁcation data was assessed for each subject
separately using logistic regression with the identiﬁcation response as the dependent variable and stimulus as the
independent variable.
y ¼ logitð pÞ ¼ log p
1 p
 
¼ I þ S  stimulus;
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The slope is an index of identiﬁcation consistency: the steeper the slope, the higher the degree of consistency in the
labelling of the continuum.
2.5.3. Statistical tests
Identiﬁcation and discrimination data were analysed in analyses of variance (ANOVAs). The identiﬁcation data was
evaluated in two repeated measures ANOVAs with Group as the between-subjects variable and Time (kindergarten vs. ﬁrst
grade) as the within-subjects variable with either the slope or the boundary of the identiﬁcation function as the dependent
variable. For the discrimination data, ﬁrst the differences in CP (i.e., the relation between the observed and expected
discrimination scores) were analysed in a repeated measures ANOVAwith Group as the between-subjects variable and Task
(observed vs. expected), Time (kindergarten vs. ﬁrst grade) and stimulus Pair (S1S3, S2S4, S3S5, S4S6, S5S7 and S6S8) as the
within-subjects variables. When a signiﬁcant interaction involving Time and/or Group was found, separate ANOVAs were
performed. Greenhouse–Geisser corrections for violation of the sphericity assumption were applied when appropriate; the
original degrees of freedom and p-values after the correction are reported (Greenhouse & Geisser, 1959).
3. Results
3.1. Descriptive data
Table 1 displays the means and group differences for nonverbal intelligence, vSTM, RAN, phonological measures and
reading skills in kindergarten and ﬁrst grade. From kindergarten to ﬁrst grade, one of the at-risk children and one of the
control children repeated kindergarten and were therefore excluded from the study. Another control child withdrew from
the study in ﬁrst grade. In the end, the at-risk group consisted of 32 children between 76 and 92 months of age (17 girls and
15 boys,Mage = 83.1 months); the control group consisted of 38 children between 72 and 93 months of age (20 girls and 18
boys, Mage = 83.6 months).
3.2. Auditory processing of speech vs. non-speech
The non-speech tasks were only administered in kindergarten because repeated exposure to sinewave stimuli can make
participants perceive them as speech like. However, only about half of the at-risk children and slightly more than half of the
control children passed the practice criterion in this condition. Furthermore, both the at-risk and control children scored at
or near chance level on both the non-speech identiﬁcation and discrimination tasks. Given that the non-speech tasks were
found to be too difﬁcult for the children in kindergarten, this data was not analysed further (cf. Davids et al., 2011).
3.3. Speech identiﬁcation in kindergarten versus ﬁrst grade
Out of the 73 children initially included in the study, 56 completed the identiﬁcation task in both kindergarten and
ﬁrst grade (24 at-risk and 32 controls). The top left and right panels of Fig. 3 show the identiﬁcation performance of the
control versus at-risk children in kindergarten (left) and ﬁrst grade (right). Comparison of the ﬁgures shows steeper
identiﬁcation functions for both the at-risk and control children in ﬁrst grade compared to kindergarten but otherwise
very few differences between the groups. To analyse the differences in the mean slopes and boundaries for the
kindergarten versus ﬁrst grade children and the at-risk versus control children, two repeated measures ANOVAs with
Time (kindergarten vs. ﬁrst grade) as the within-subjects variable and Group (at-risk vs. control) as the between-
subjects variable were performed. For the slope, these revealed a signiﬁcant main effect of Time (F(1,54) = 4.44, p = .04,
h2p ¼ :08), a nonsigniﬁcant TimeGroup interaction and no Group effect (both Fs< 1). We thus found a general increase
in the slope between kindergarten (Mslope = .012 logit; SD = .02) and ﬁrst grade (Mslope = .076 logit; SD = .24) but no
signiﬁcant differences in the slope between the groups of children during each time period. For the boundary data, no
signiﬁcant effects were found: the effects of both Time and Group were nonsigniﬁcant (both Fs< 1) and the
TimeGroup interaction was also nonsignifcant (F(1,49) = 1.22, p = .28, h2p ¼ :02). This result shows the boundary to be
located at the same point along the continuum in both kindergarten and ﬁrst grade, namely between stimuli S3 and S4,
which is just one step before the midpoint.
3.4. Speech discrimination in kindergarten versus ﬁrst grade
Out of the 73 children initially included in the study, 59 completed the discrimination task in both kindergarten and ﬁrst
grade (26 at-risk and 33 controls). The lower left and right panels of Fig. 3 show the discrimination performance of the
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Fig. 3. Mean identiﬁcation functions (top panels) and discrimination functions (lower panels) for at-risk and control children on speech stimuli in
kindergarten versus ﬁrst grade (left and right panels, respectively).
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peak for the between category pairs (S2S4 and S3S5) for the control children in kindergarten but peaks for both the stimuli
pairs S1S3 and S5S7 for the at-risk children in kindergarten. However, in ﬁrst grade, both the control and at-risk children
show discrimination peaks at the between category pairs. Differences in CPwere tested in a repeatedmeasures ANOVAwith
Group (at-risk vs. control) as the between-subjects variable and Task (observed vs. expected discrimination scores), Time
(kindergarten vs. ﬁrst grade) and Pair (S1S3, S2S4, S3S5, S4S6, S5S7 and S6S8) as the within-subjects variables. We found a
signiﬁcant main effect of Pair (F(5,250) = 13.15, p< .001, h2p ¼ :21), Time Pair interaction (F(5, 250) = 3.13, p = .01,
h2p ¼ :06), Time PairGroup interaction (F(5,250) = 2.76, p = .02, h2p ¼ :05) and a marginally signiﬁcant
Task Time PairGroup interaction (F(5,250) = 2.09, p = .067, h2p ¼ :04) but no effect of Group (F< 1). Given a signiﬁcant
Time PairGroup interaction, individual PairGroup ANOVAs were conducted for kindergarten and ﬁrst grade
separately with the observed and expected discrimination pairs taken together.
For kindergarten (lower left panel in Fig. 3), a repeated measures ANOVAwith Group (at-risk vs. control) as the between-
subjects variable and Pair (S1S3, S2S4, S3S5, S4S6, S5S7 and S6S8) as the within-subjects variable showed a signiﬁcant
PairGroup interaction (F(5, 255) = 2.30, p = .046, h2p ¼ :04), a signiﬁcant main effect of Pair (F(5,255) = 3.33, p = .01,
h2p ¼ :06) and no main effect of Group (F< 1). Planned contrasts for the signiﬁcant PairGroup interaction indicated a
signiﬁcant difference in the discrimination of the phonemic contrast (i.e., between stimulus pairs S2S4 and S3S5, which
straddle the phoneme boundary, and the four other pairs) by the at-risk versus control groups (F(1,59) = 5.69, p = .02,
h2p ¼ :10), with the control group showing higher scores on the pairs crossing the phonemic boundary.
For the ﬁrst-grade children (lower right panel in Fig. 3), a repeated measures ANOVA with Group (at-risk vs. control) as
the between-subjects variable and Pair (S1S3, S2S4, S3S5, S4S6, S5S7 and S6S8) as the within-subjects variable indicated a
signiﬁcantmain effect of Pair (F(5,280) = 20.37, p< .001, h2p ¼ :27), no signiﬁcant PairGroup interaction and no signiﬁcant
effect of Group (F(5,280) = 1.70, p = .14, h2p ¼ :03; F< 1, respectively). Planned contrasts for the signiﬁcant effect of Pair
indicated a signiﬁcant difference in the discrimination of the phonemic contrast by the children in ﬁrst grade
(F(1,56) = 69.09, p< .001, h2p ¼ :55).
To gain greater insight into the allophonic perception of particularly the children at risk for dyslexia, the at-risk groupwas
separated into subgroups on the basis of their ﬁrst grade PA scores. This produced a low PA subgroup of 9 children at-risk for
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Fig. 4.Mean discrimination functions for speech stimuli in kindergarten and ﬁrst grade (left and right panels, respectively) by children who are at risk for
dyslexia and scored one standard deviation or more below the group mean for the control children on phonological awareness and control children.
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repeatedmeasures ANOVAwith Group (low PA at-risk subgroup vs. control) as the between-subjects variable and Pair (S1S3,
S2S4, S3S5, S4S6, S5S7 and S6S8) as the within-subjects variable indicated a signiﬁcant PairGroup interaction (F(5,
175) = 2.70, p = .02, h2p ¼ :07). Planned contrasts for the signiﬁcant PairGroup interaction showed a signiﬁcant difference
in the discrimination of the phonemic contrast (between stimulus pairs S2S4 and S3S5, which straddle the phoneme
boundary, and the four other pairs) for the low PA at-risk subgroup versus control group (F(1,35) = 5.23, p = .03, h2p ¼ :13),
with the control group showing higher scores on this contrast (Fig. 4). In addition, planned contrasts for the discrimination of
the F3 allophonic contrast (between the stimulus pairs S5S7 and S6S8, which straddles the F3 allophonic boundary, and the
stimulus pair S4S6, which straddles neither a phonemic nor an allophonic boundary) revealed a signiﬁcant difference
between the groups (F(1,35) = 4.50, p = .04, h2p ¼ :11), with the low PA subgroup of at-risk children showing a higher score on
this contrast.
For the ﬁrst grade children, a repeatedmeasures ANOVAwith Group (low PA at-risk subgroup vs. control) as the between-
subjects variable and Pair (S1S3, S2S4, S3S5, S4S6, S5S7 and S6S8) as thewithin-subjects variable indicated a signiﬁcantmain
effect of Pair (F(5, 200) = 8.73, p< .001, h2p ¼ :18) and no signiﬁcant PairGroup interaction (F(5, 200) = 1.39, p = .25,
h2p ¼ :03) or main effect of Group (F(1, 40) = 1.51, p = .23, h2p ¼ :04). Planned contrasts for the signiﬁcant main effect of Pair
showed a signiﬁcant difference in the discrimination of the phonemic contrast by children in ﬁrst grade (F(1,40) = 28.88,
p< .001, h2p ¼ :42; Fig. 4).
The results can be summarized as follows. In kindergarten, the identiﬁcation performance for the speech stimuli was
similar for the at-risk and control children with the boundary placed one step before the midpoint of the continuum.
Differences between the at-risk and control children were found for the discrimination of speech stimuli, with the
kindergarten control children better discriminating stimuli crossing the phoneme boundary and the kindergarten at-risk
children with low phonological awareness better discriminating pairs within the same category. There were no differences
in the CP of the control versus at-risk children, as evidenced by nonsigniﬁcant interactions involving Task (observed vs.
expected discrimination scores). In ﬁrst grade, the identiﬁcation of the speech stimuli was similar for the control versus at-
risk children, although the ﬁrst-grade slopes were signiﬁcantly steeper than the kindergarten slopes. Furthermore, the
absence of signiﬁcant PairGroup interactions in the discrimination task indicated a similar discrimination strategy for
both the control versus at-risk children and the control versus at-risk children with low phonological awareness in ﬁrst
grade.
4. Discussion
In the present study, we investigated the categorical perception of /b3-d3/ syllables along a place-of-articulation
continuum in Dutch children at risk for dyslexia and chronological age-matched controls in kindergarten and ﬁrst grade.We
examined whether children at risk for dyslexia show an auditory deﬁcit in kindergarten and attempted to disentangle its
nature and persistence after the start of formal reading instruction in ﬁrst grade. We found, to start with, that the at-risk
children in kindergarten performed signiﬁcantly lower on tasks tapping into phonological awareness and the retrieval of
phonological codes from long term memory (e.g., RAN) than the control children in kindergarten, which suggests a
phonological deﬁcit in the at-risk children. In ﬁrst grade, the at-risk children performed signiﬁcantly lower on not only the
tasks tapping into phonological awareness but also on the standardized word and non-word reading tasks. The results of the
speech perception tasks showed an allophonic mode of speech perception in the kindergarten children at risk for dyslexia as
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associated with changes in the upward/downward direction of the F3 transition, while the control children displayed a
phonemic mode of speech perception as evidenced by better discrimination of the stimulus pairs straddling the phoneme
boundary. However, the performance of the same children later in ﬁrst grade showed those at risk for dyslexia to have shifted
from an allophonic mode of speech perception towards a phonemic mode of speech perception.
It should be noted that the non-speech perception tasks proved too difﬁcult for the kindergarten children in general, with
both the control and at-risk children performing near chance on both the identiﬁcation and discrimination tasks with non-
speech stimuli. The high exclusion rates based on the threshold in the practice trials for the non-speech tasks also indicated
this.
How do these results relate to our three questions? Our ﬁrst questionwaswhether the perceptual deﬁcit often associated
with developmental dyslexia is speciﬁc to speech or of a more general nature. Some researchers claim that dyslexia may be
related to a general auditory deﬁcit (e.g., Tallal, 1980; Vandermosten et al., 2010) while others claim that the auditory
processing deﬁcits in individuals with dyslexia are speciﬁc to speech (e.g., Mody et al., 1997; White et al., 2006). In the
present study, the performance on the non-speech tasks was only slightly above chance for both the control and at-risk
children, which means that the evidence was too minimal to allow any ﬁrm conclusions to be drawn with regard to the
speech-speciﬁc or general nature of the auditory problems in the children we studied.
Our second research question was whether children at risk for developmental dyslexia show an allophonic mode of
speech perception. First, we will discuss the speech identiﬁcation results; then we will discuss the speech discrimination
results. For the speech stimuli, we found the slope and location of the boundary of the identiﬁcation functions to be
comparable for the at-risk versus control children in kindergarten and ﬁrst grade. This ﬁnding is in line with the ﬁndings of a
study showing 5-year-old children at risk for dyslexia to not differ from control children on the identiﬁcation of a speech
continuum ranging from /bAk/ to /dAk/ with only marginal differences in discrimination (Boets, Ghesquie`re, VanWieringen,
&Wouters, 2007). In contrast, a study comparing younger children at risk for dyslexia with 3- to 4-year-old control children
showed better identiﬁcation of speech sounds (/p/-/k/) by the control group (Gerrits & De Bree, 2009). Still other studies of
school-aged children diagnosed with dyslexia versus control children have reported mixed results when comparing the
slopes of the identiﬁcation functions, shallower slopes are sometimes found for the children with dyslexia (e.g., Joanisse
et al., 2000; Maassen et al., 2001;Manis et al., 1997) while others report comparable slopes for individuals with dyslexia and
controls (e.g., Blomert & Mitterer, 2004; Bogliotti et al., 2008; Liu, Shu, & Yang, 2009). While Bogliotti et al. (2008) found
differences in the ﬂoor and ceiling effects (i.e., identiﬁcation responses outside the boundary region) for individuals with
dyslexia versus controls, differences in the ﬂoor and ceiling effects were not found for the children at risk for dyslexia versus
control children in the present study. The fact that we studied an at-risk group rather than a well-deﬁned clinical groupmay
account for the comparable identiﬁcation functions in the present study. Studying children at risk for dyslexia versus
children actually diagnosedwith dyslexiamay also explain themixed results for the identiﬁcation of speech sounds found in
other studies. Differences in the slope of the identiﬁcation function between dyslexic children and control childrenmay only
be a matter of delay because there is ample evidence that the slope of the identiﬁcation function (i.e., boundary precision)
increases with age (e.g., Burnham, 2003; Hazan & Barrett, 2000; Medina et al., 2010). In the present study, we found a
signiﬁcant increase in the slope of the identiﬁcation function for the children in general from kindergarten to ﬁrst grade (see
Fig. 3); this shows phonemic categorization to be developing in these children. Finally, the location of the boundary was
similar in kindergarten and ﬁrst grade, which is consistent with the results of Medina et al. (2010), and did not differ for the
at-risk versus control children.
The results on the speech discrimination task showed kindergarten children at risk for dyslexia with also particularly low
phonological awareness to discriminate stimuli which cross psychoacoustic discontinuities (i.e., the change in upward/
downward directions of F2 or F3 transitions) and not stimuli which cross phonemic boundaries while children not at risk for
dyslexia (i.e., the control children) only discriminated stimuli which cross a phonemic boundary. The answer to our second
research question is thus positive: children at risk for dyslexia show signs of an allophonic mode of speech perception.
Contrary to our expectations, the sensitivity of the at-risk children to psychoacoustic discontinuities did not affect the
degree of categorical perception; the present results did not reveal signiﬁcant differences in the observed versus expected
discrimination scores for the at-risk versus control children. The important point, however, is the marked sensitivity of the
at-risk children to changes in the upward/downward direction of F2 or F3 transitions. This is a hallmark of allophonic speech
perception because these psychoacoustic discontinuities are phonologically irrelevant in Dutch, a language with only two
place-of-articulation categories for voiced stops (/b/ and /d/), but phonologically relevant for a language like Hungarian, a
language with four place categories (Serniclaes & Geng, 2009). While our ﬁndings are in line with those of previous studies
showing an allophonic mode of speech perception in older children diagnosed with dyslexia (e.g., Bogliotti et al., 2008;
Serniclaes et al., 2004), our study is the ﬁrst to show an allophonic mode of speech perception in children at risk for dyslexia
and also well before the start of formal reading instruction. The fact that the allophonic versus phonemic modes of speech
perception were already present before the start of formal reading instruction, moreover, suggests that the allophonic mode
of speech perception may be a cause and not an effect of later reading problems.
This brings us to our third research question, which was whether the onset of formal reading instruction inﬂuences the
mode of speech perception or not. Our expectation, based on evidence for an allophonic mode of speech perception in both
children and adults diagnosed with dyslexia, was that it would not. In contrast to what we expected, we found that the
children at risk for dyslexia in kindergarten had shifted from an allophonic mode of speech perception to a more phonemic
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can be explained by the ﬁndings of Burnham (2003) and Burnham, Earnshaw, and Clark (1991), who have shown children
around the onset of reading to have a heightened perception of language-speciﬁc speech contrasts. In these studies,
phonologically relevant contrasts for English and phonologically irrelevant contrasts (e.g., Thai and Hindi) were presented to
subjects of different ages and with different amounts of school experience. It was found around the onset of reading that the
perception of language-speciﬁc speech contrasts (i.e., native contrasts) was maximal and the perception of both non-native
and non-speech contrasts was minimal. The authors suggested that around the onset of reading, children may adopt a
strategy in which the perception of all contrasts which are not phonologically relevant is suppressed. In addition, they
suggest that childrenwho are taught to read using a phonics-basedmethod (i.e., grapheme–phoneme conversion rules), as is
the case in the Netherlands, will have greater language-speciﬁc speech perception than children who are taught using a
whole-wordmethod. This explains how the allophonic mode of speech perceptionmay be found in studies of older children
and adults diagnosed with dyslexia (e.g., Bogliotti et al., 2008; Dufor et al., 2009; Serniclaes et al., 2001). After ﬁrst grade, the
heavy emphasis on decoding decreases and the suppression of non-native speech contrasts in particularly children with
dyslexia may also therefore dissipate. Obviously, this account is somewhat speculative, but more data collected in a similar
manner for different ages should shed greater light on things and help us determine if the allophonic mode of speech
perception in at-risk and dyslexic children is only brieﬂy absent at the onset of reading or absent more permanently.
To conclude, the present study is the ﬁrst to ﬁnd evidence for an allophonic mode of speech perception in children at risk
for dyslexia in kindergarten. We also found these same children to shift from an allophonic mode of speech perception to a
phonemic mode of perception, probably under the inﬂuence of a phonics-based instructional reading programme, in ﬁrst
grade. It was speculated that the shift to a phonemic mode of speech perception is only temporary and that the allophonic
mode of speech perception returns in at least a subgroup of childrenwho are at risk for dyslexia. For these children, the use of
an allophonicmode of speech perception affects the process ofmapping graphemes onto phonemes and can thus be seen as a
clinical marker of actual reading problems. Understanding written language requires well-deﬁned phonological
representations. The use of more phonological representations than are necessary to perceive phonemes in the ambient
language is known to result in a mismatch between grapheme and phoneme categories with major implications for the
development of reading skills, even in a transparent language. Although transparent languages have a one-to-one
relationship between graphemes and phonemes (e.g., Italian), there are still several allophones for each phoneme which
results in a many-to-one relationship when using an allophonic perception. The impact of an allophonic perception on an
opaque language such as English, ismuch greater asmany-to-one relationships are necessary for reading acquisition in these
languages. Despite the growing body of evidence regarding the causes of dyslexia, children at risk for dyslexia are still not
diagnosed until they show problems with learning to read. By that time, however, the reading skills of these children lag
considerably behind those of their classmates. We must therefore ﬁnd out more about the precursors to dyslexia and the
markers of such in order to prevent or at least diminish later reading deﬁcits. And the present study has presumably
contributed to this enterprise.
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